Abstract p53 is a transcription factor that regulates expression of genes involved in cell cycle arrest, senescence, and apoptosis. TP53 harbors mutations that inactivate its transcriptional activity in roughly 30% of breast cancers, and these tumors are much more likely to undergo a pathological complete response to chemotherapy. Thus, the gene expression program activated by wild-type p53 contributes to a poor response. We used an in vivo genetic model system to comprehensively define the p53-and p21-dependent genes and pathways modulated in tumors following doxorubicin treatment. We identified genes differentially expressed in spontaneous mammary tumors harvested from treated MMTV-Wnt1 mice that respond poorly (Trp53+/+) or favorably (Trp53-null) and those that lack the critical senescence/ arrest p53 target gene Cdkn1a. Trp53 wild-type tumors differentially expressed nearly 10-fold more genes than Trp53-null tumors after treatment. Pathway analyses showed that genes involved in cell cycle, senescence, and inflammation were enriched in treated Trp53 wild-type tumors; however, no genes/pathways were identified that adequately explain the superior cell death/tumor regression observed in Trp53-null tumors. Cdkn1a-null tumors that retained arrest capacity (responded poorly) and those that proliferated (responded well) after treatment had remarkably different gene regulation. For instance, Cdkn1a-null tumors that arrested upregulated Cdkn2a (p16), suggesting an alternative, p21-independent route to arrest. Live animal imaging of longitudinal gene expression of a senescence/inflammation gene reporter in Trp53+/+ tumors showed induction during and after chemotherapy treatment, while tumors were arrested, but expression rapidly diminished immediately upon relapse.
Introduction
The tumor suppressor TP53 is mutated in~30% of breast cancers [1] . p53 is a transcription factor that is activated by various cellular stresses, including DNA damage induced by chemotherapy regimens [2] . Following damage to DNA, p53 is phosphorylated and dissociated from its negative regulator, Mdm2, allowing the protein to accumulate and become transcriptionally active [3] .
Paradoxically, tumors that harbor a mutation in p53 have a significantly greater probability of achieving a pathological complete response to neoadjuvant chemotherapy [4] [5] [6] [7] [8] . Supporting these findings, mouse models of breast cancer have shown that Trp53 mutant mammary tumors respond better to chemotherapy than Trp53 wild-type tumors [9] [10] [11] . Both mouse mammary tumors [9] and human breast cancers [12] that are wild-type for p53 undergo cell senescence in response to chemotherapy rather than the widespread cell death seen in mutant tumors [9] . The greater the extent of residual disease present at the time of surgery following chemotherapy, the less favorable the prognosis for the patient [13] . Thus, because p53 mediated arrest and senescence is a barrier to eradicating tumors and achieving a low residual disease burden, understanding the genes regulated by p53 in this context is of the highest importance.
The fate of a cell with wild-type TP53, when exposed to DNAdamaging agents, can be cell cycle arrest, senescence, or apoptosis, which is guided by a transcriptional profile of induced and repressed gene expression [3, 14] . Which outcome occurs is decided by variety of factors such as tissue specificity and extent of damage, which are not fully understood [14] .
One of the first discovered and arguably one of the most important targets of p53 is the cyclin-dependent kinase inhibitor p21, coded by the gene Cdkn1a [15] [16] [17] . p21 mediates cell cycle arrest induced by p53 after DNA damage [18] [19] [20] . Various cell types lacking p21 fail to arrest after DNA damage, similar to cells lacking p53 [20, 21] . Here, we have examined gene expression in MMTVWnt1 mammary tumors that are Trp53 wild-type (WT), Trp53-null, and Cdkn1a-null, following doxorubicin chemotherapy treatment.
Materials and Methods

Mouse Tumors and RNA Sequencing
All tumors used were from MMTV-Wnt1 transgenic mice that were Trp53 +/+ , Trp53 −/− (null), or Cdkn1a −/− (null) and were previously described [9] . The doxorubicin treatment regimen and harvesting schedule for mice that formed spontaneous tumors have been described [9] . RNA was prepared using Trizol, and RNA sequencing was performed by the MD Anderson Cancer Center Sequencing & Microarray Facility. RNA sequencing libraries were prepared using the TruSeq Stranded Total RNA Library Prep Kit with Ribo-Zero Human/Mouse/Rat Sets A and B (Trp53WT) and Illumina TruSeq RNA Library Preparation Kit v2 (Trp53null and Cdkn1a-null tumors). All samples were aligned to the mm10 genome using the STAR RNA-seq aligner [22] . Gene expression was quantified using RSEM [23] , and differential expression was calculated using the EBSeq statistical package with a posterior probability of equal expression (PPEE) b .05 considered statistically significant. To avoid any artifacts introduced by batch effects or library preparations, only intragenotype comparisons were made.
Ingenuity Pathway Analysis (IPA)
Data analysis through IPA IPA®, QIAGEN Redwood City, www. qiagen.com/ingenuity) was performed using the lists of fold changes for significantly expressed protein coding genes after doxorubicin treatment for each genotype. IPA "Upstream Regulators" were determined by overlap between known regulators and targets in the Ingenuity Knowledge Base and the targets expressed in the experimental data (overlap P value determined by Fisher's exact test), and the activation zscore, which predicts the direction of regulation. IPA identified "Enriched diseases and biological functions" with a significant P value of b .05 as determined by Fisher's exact test.
GSEA Analysis
Gene expression data matrices were constructed for each genotype. As the Kyoto Encyclopedia of Genes and Genomes (KEGG) [24] and REACTOME pathways contained only human protein coding genes, only protein coding genes with an HGNC ID (PMID: 29126148) and a human ortholog were retained for Gene set enrichment analyses (GSEA). Analysis was performed using GSEA version 3.0 (Broad Institute, Cambridge, MA) [25] . One thousand gene set permutations were run for each pathway included in the KEGG pathway database [24] and for pathways related to cell cycle in the REACTOME pathway database [26] . Gene set enrichment was considered significant at an FDRb 0.25 [25] .
CIBERSORT Analysis
The CIBERSORT algorithm [27] was used to infer immune cell populations in tumor samples. The training set was constructed using publicly available RNA-seq datasets of purified macrophages, T cells, B cells, and several breast cancer cell lines (accession numbers available upon request). The algorithm was run on a gene expression data matrix of all samples in this study. Each sample was assigned a P value following deconvolution. Samples included in our analysis had a deconvolution P value b.05.
Selection of True TP53 Targets
Riley et al. identified 129 possible direct targets through searching the literature and narrowing candidates that fulfill three out of four determined criteria, which include RNA and protein levels that are regulated by p53, presence of a p53 response element, reporter expression validation, and successful chromatin immunoprecipitation [28] . Allen et al. employed the small molecule inhibitor of Mdm2, nutlin-3, for 1 hour to specifically activate p53. They then performed global run-on sequencing and identified 198 possible direct targets of p53 [29] . A third study used both chromatin immunoprecipitation sequencing and RNA sequencing to identify 432 genes directly regulated by p53 in mouse cells [30] .
Luciferase Reporter Assay In Vivo
The reporter lentiviral vector was made using the backbone CD502A-1 (pCDH-EF1α-MCS cDNA Single Promoter Cloning and Expression Lentivector) from Systems Biosciences and contains 1246 bp 5′ of the transcriptional start site of murine Cxcl5, followed by a Luciferase cassette, and another cassette with the EF1 promoter driving mCherry. Lentivirus was prepared in 293 T cells using a standard calcium phosphate transfection protocol. Viral supernatant was collected 48 hours and 72 hours following transfection, filtered (0.45 μm), and used to infect target cells in the presence of polybrene (8 μg/ml). Two MMTV-Wnt1 tumor orthotopic transplants were established and serially propagated as previously described [9] . Tumors that formed were excised, minced with a razor, filtered through a 50-μm filter, and plated in complete DMEM. One day later, concentrated virus was applied, and 24 hours later, media were changed. Two to 3 days after, cells were trypsinized and~100,000 mCherry-positive cells were sorted by flow cytometry, washed with PBS, and resuspended in Matrigel and injected into the #4 mammary gland of C57Bl6/j mice. The tumor that formed was verified for mCherry fluorescence and transplanted again into multiple C57Bl6/j mice. When tumors formed, they were measured with calipers as previously described [9] , IP injected with 10 μg/g of body weight luciferin, and imaged on an IVIS for fluorescence. Tumor volume was calculated as previously described [9] . Luciferase activity was plotted by average counts/tumor volume and normalized for each tumor transplant.
Results
p53 Dominates the Transcriptional Response to Doxorubicin Treatment in Mammary Tumors
TP53 codes for the transcription factor p53 that transactivates genes following many types of cell stress. In breast cancer, the probability of a pathological complete response to chemotherapy is much lower when TP53 is wild-type as opposed to mutant [4] [5] [6] [7] [8] . This implicates the genes and pathways modulated by p53 as contributors to the persistence of tumor cells as residual disease, promoting eventual relapse. Defining the p53 transcriptional response to chemotherapy is critical for understanding the reason tumors fail to regress and for developing therapies to target persisting cells. RNA sequencing was employed to comprehensively define the in vivo transcriptional program activated by p53 in mammary tumors after chemotherapy. Gene expression changes were determined in tumors from mice harvested 24 hours following the fifth consecutive day of doxorubicin treatment [9] . We used MMTV-Wnt1 transgenic mice that were Trp53 wild-type (WT), Trp53-null, or Cdkn1a-null. Tumors that arise in MMTV-Wnt1 transgenic mice remain wild type for Trp53 and respond to doxorubicin by undergoing arrest and senescence. If Trp53 is deleted, mutated, or otherwise null, these tumors instead undergo mitotic catastrophe and cell death, resulting in a clinically superior response [9] .
Using a false discovery rate (FDR) b 0.05, we found that Trp53WT MMTV-Wnt1 tumors had 1173 protein-coding genes differentially expressed following treatment ( Figure 1 , A left and C). Cdkn1a-null tumors had 1603 genes significantly changed ( Figure 1 , A right and C). D. A. In sharp contrast, only 158 genes were significantly changed in Trp53-null tumors ( Figure 1 , A center and C), despite this genotype responding better to treatment. Heat maps were generated for each genotype that included every differentially expressed gene from each of the three genotypes. Many genes were modulated after doxorubicin treatment in Trp53WT and Cdkn1a-null tumors ( Figure 1B ), while Trp53-null tumors had relatively few genes, and treated tumors did not even cluster entirely together ( Figure 1B , center). Of note, Cdkn1a transcripts were elevated in Cdkn1a-null tumors. Aligning reads to the Cdkn1a locus showed they were all localized to the 3′ UTR region of the gene and none in the coding region (Supplementary Figure 1) , consistent with the knockout strategy used to generate these mice [18] .
We next examined overlapping gene expression changes in tumors from the three genotypes. We found that Trp53WT and Cdkn1a-null tumors shared the regulation of many genes following doxorubicin treatment, while Trp53-null had few in common with either tumor genotype ( Figure 1D ). Comparing Trp53-null and Trp53WT, strikingly, only 18 genes were similarly altered in both, showing that the vast majority of transcriptional changes following doxorubicin treatment are p53 dependent ( Figure 1D) . Interestingly, many genes (760) regulated in Trp53WT tumors were no longer regulated in Cdkn1a-null tumors ( Figure 1E ), which may reflect a dependence on p21-mediated effects for indirect gene expression changes. Also, while almost half of the genes upregulated in Trp53WT tumors were still expressed in Cdkn1a-null tumors, only 16% of downregulated genes remain repressed, suggesting that p21 plays a more important role in mediating gene repression by p53 as opposed to induction.
p53 Signaling and Cell Cycle Pathway Analyses in Doxorubicin-Treated Tumors
We next performed gene set enrichment analysis (GSEA) [25] on the 186 gene sets curated by the KEGG [24] as well as IPA to A.
B.
C. GSEA using KEGG gene lists was performed on RNA-seq data, and running enrichment scores for Trp53-null (yellow line), Cdkn1a-null (blue line), and Trp53WT (orange line) were plotted. Shown under the enrichment score plots are corresponding ranking of genes in the KEGG p53 pathway among~16,000 genes analyzed. Genes stacked to the left are positively correlated and those to the right negatively correlated with doxorubicin-treated samples. (C) GSEA using the REACTOME cell cycle gene sets for doxorubicin-treated versus untreated tumors for the same genotypes as in B.
determine "upstream regulators" altered after treatment in each of the genotypes. As expected based on the large number of genes regulated ( Figure 1A ), IPA predicted significant activation or inhibition of 94, 204, and 48 molecules as "upstream regulators" of gene expression changes in treated Trp53WT, Cdkn1a-null, and Trp53-null genotypes, respectively (Supplementary Table 1 Table 2 ). Of the 39 pathways upregulated in Cdkn1a null tumors, 28 were also upregulated in Trp53WT tumors. Not surprisingly, the "p53 signaling pathway" was a top hit found in both IPA as a predicted "upstream regulator" (Figure 2A ) and GSEA ( Figure 2B ) analyses for both genotypes with wild-type Trp53. GSEA plots depict this enrichment. Many of the genes listed in the p53 pathway KEGG gene set were among the most highly expressed following treatment, resulting in a strong enrichment score in treated samples ( Figure 2B ) and significantly higher leftward peaks in Trp53WT and Cdkna1-null [0.61, 0.68 enrichment score (ES),
Direct targets of p53 have been identified by multiple studies [28] [29] [30] . We used these empirically determined lists to identify the direct p53 target genes regulated in Trp53WT tumors after chemotherapy treatment. Many well-known targets were regulated, including Cdkn1a, Bbc3, Bax, Ccng1, and Mdm2. Interestingly, some of these direct p53 targets were not regulated in the Cdkn1a-null genotype after treatment (Table 1) .
A critical component of the cellular response to DNA damage caused by chemotherapeutics is cell cycle arrest. This arrest is mediated by p53 primarily by transactivating the Cdkn1a gene, whose product, p21, is a cyclin-dependent kinase inhibitor [15] [16] [17] . We found that gene sets representing all phases of the cell cycle and transitions for G1-S, G2-M, and M-G1 were prominently enriched in the untreated Trp53 wild-type tumors but were not enriched in either treated or untreated Trp53-null tumors ( Figure 2C ). This finding is consistent with the downregulation of cell cycle genes and arrest that occurs in Trp53 wild-type but not null tumors. Interestingly, Cdkn1a-null tumors did not modulate cell cycle genes consistent with either Trp53 wild-type or null tumors.
Gene Expression Differences in Cdkn1a-Null Tumors That Arrest or Proliferate in Response to Treatment
Next, we separately analyzed the Cdkn1a-null tumors according to response phenotype. Unlike in cell culture models [20, 21, 31] , Trp53 can still mediate a durable G2 arrest in roughly half of treated Cdkn1a-null mammary tumors in vivo [9] . To investigate this fascinating phenotype, we performed unsupervised hierarchical clustering of differentially expressed genes in all Cdkn1a-null tumors after treatment ( Figure 3A) . Untreated tumors and those that continued proliferation into mitotic catastrophe clustered together, while tumors that retained arrest capacity formed two separate clusters ( Figure 3A ). These heat maps show stark differences in gene expression despite the tumors all being the same genotype and receiving the same treatment. In fact, tumors that proliferated in response to treatment had more unique gene expression changes than they had in common with treated tumors that arrested ( Figure 3B ). Examining cell cycle differences in GSEA plots comparing "proliferators" to untreated tumors, we found that treated "proliferators" were actually relatively enriched for cell cycle genes compared to untreated tumors ( Figure 3C ). When treated "arresters" were compared to untreated tumors, relatively more enrichment of cell cycle progression genes was observed in the untreated tumors. The enrichment curve for all Cdkn1a-null tumors, i.e., the combination of arresters and proliferators versus control, showed enrichment between the two subphenotypes ( Figure 3C ). We next directly compared gene expression differences in only the treated tumors with either arrester or proliferator phenotypes (without untreated controls). We found that the phenotypes clustered together and many genes were differentially expressed (Figure 3, D and E) . Analysis of the KEGG gene sets showed 43 pathways enriched in arresters and 33 in proliferators (FDRb 0.25; Supplementary Table 3) . Analyzing the cell cycle pathways further revealed that proliferators were enriched for most of these genes compared to arresters ( Figure 3F) . Interestingly, Cdkn2a, coding for the cyclin-dependent kinase inhibitor p16, was elevated in arresters, suggesting a mechanism for the p53-dependent, p21-independent cell cycle arrest in these tumors (p53 dependent because Trp53-null tumors do not arrest). Other genes Direct p53 targets identified by previous studies were compared to significantly regulated proteincoding genes in the Trp53WT genotype. Table lists genes that were matched, and those genes with an "*" were not found to be regulated in the Cdkn1a-null genotype.
elevated in arresters include Wee1 and Rbl2. Genes elevated in proliferators include mediators of cell cycle progression E2f1, Cdk4, Cdk1, Ccnd2, Ccnb2, and Cdc25a. DNA replication pathway and genes were elevated in proliferators, including Cdt1, Rpa1, polymerases, and chromosome maintenance genes. Following chemotherapy treatment, Trp53-null tumors and those Cdkn1a-null tumors that respond with continued proliferation will undergo cell death and significant tumor regression [9] . Patients with TP53 mutant tumors are also much more likely to undergo a complete pathological response to chemotherapy [4] [5] [6] [7] [8] . Interestingly, apoptosis-related gene pathways in the mammary tumors that undergo cell death and regression were not enriched compared to those that arrest and regress minimally (Supplementary Figure 2) . These data suggest that an apoptosis-related transcriptional program is insufficient to induce cell death in treated tumors unless cell cycle arrest is absent. Alternatively, nontranscriptional regulation of apoptotic proteins could mediate the extensive cell death but is not detected in our study. . Venn diagrams showing number of statistically significant (PPEEb.05) gene expression changes after doxorubicin treatment that were shared in the comparisons of untreated tumors to "arresters" and to "proliferators" and in the combination of "arresters" and "proliferators" (Cdkn1a −/− ). (C) GSEA using REACTOME cell cycle gene sets for gene expression comparisons of untreated to "arresters" and untreated to "proliferators." (D) Heat map of gene expression in treated Cdkn1a-null tumors that arrested and treated tumors that proliferated. (E) Scatter plot of differentially expressed genes in doxorubicin-treated Cdkn1a-null tumors that arrested (X-axis) and proliferated (Y-axis). (F) GSEA for REACTOME cell cycle gene sets using gene expression comparison of arresters to proliferators as made in D and E.
Senescence and SASP Genes Are Upregulated in Trp53 WildType Tumors after Treatment
While Cdkn2a was not induced by doxorubicin, IPA identified "Cdkn2a" as an upstream regulator of the gene expression changes in treated tumors with wild-type Trp53. This was due to regulation of gene expression that IPA associates with Cdkn2a activity ( Figure 4A , Supplementary Table 1) . Cdkn2a codes for the cyclin-dependent kinase inhibitor p16 [32] , and due to the prominent role of p16 as a marker and mediator of senescence [33, 34] , we examined enriched gene sets for other senescence-related pathways. Indeed, other KEGG gene sets regulated in treated tumors with Trp53 wild-type (including Cdkn1a-null) included those related to lysosome, inflammation, and immune responses. Expression of genes involved in lysosome biogenesis is consistent with treated tumors having senescenceassociated beta galactosidase (SAβGal) [35, 36] . The gene set for "Lysosome" was enriched in treated tumors that had wild-type Trp53 but not tumors null for Trp53 ( Figure 4B ). The lysosome pathway was also enriched in the Cdkn1a-null tumors that arrested after treatment ( Figure 4, C and D) .
In all of the genotypes, enrichment of inflammatory genes and pathways was identified by all of the analyses we performed, which is consistent with these tumors acquiring the senescence-associated secretory phenotype (SASP) [37, 38] . Analysis using the PANTHER pathway database [39, 40] identified "Inflammation mediated by chemokine and cytokine signaling" as the top hit with greatest number of genes matched for the treated Trp53 wild-type tumors (Supplementary Table 4 ). IPA for diseases and biological functions identified "inflammatory response functional category" (Supplementary Table 5) as highly significant and "active" in Trp53 wild-type tumors but not Trp53 null. In our GSEA KEGG analysis, 24 out of 50 significantly regulated pathways in Trp53WT tumors were immune/inflammation related (Supplementary Table 2 ). Of the four pathways enriched in Trp53 null tumors, 3 were immune/inflammation related. These data are consistent with a SASP induced by DNA damage. While SASP is p53 independent [41, 42] , the fewer immune-related pathways and thus diminished SASP in Trp53-null tumors likely represent a transient expression of these genes, as those cells with DNA damage adequate to induce SASP probably end up dying. Senescent Trp53WT tumors arrest, survive, persist, and generate SASP over days following treatment and thus generate stronger enrichment of these pathways. Figure 5 shows gene enrichment of the KEGG Jak/Stat signaling and cytokine-cytokine receptor pathways in all three genotypes in the treated tumors. Other immune/SASP-related pathways showed similar patterns, but enrichment of the pathway for treated Trp53null tumors did not reach significance (not shown).
Because activation of immune/inflammation pathways was so prominent, we analyzed immune infiltration by CIBERSORT [27] . Our results indicate minimal recruitment of immune cells into the tumor following treatment, as only macrophages were significantly increased ( Figure 5B ). This lack of immune cell presence and tumor clearance at this time point is consistent with previous findings that Trp53WT tumors regress minimally and relapse quickly in response to treatment [9] . These data suggest that the superior regression observed in Trp53-null tumors is not due to immune clearance.
We next examined SASP-related pathways in the various Cdkn1a-null tumor response phenotypes. We found that when both were compared to untreated tumors, arresters had a greater enrichment score for SASP pathways ( Figure 5C ). The finding that arrestors persist and produce more cytokines than proliferators that die by mitotic catastrophe is better illustrated by directly comparing arresters to proliferators ( Figure 5D ).
Longitudinal Expression of Senescence Genes
One limitation of our analysis thus far is the utilization of a single time point, 24 hours post final treatment. Senescence is induced over time, and Trp53 wild-type tumors in the MMTV-Wnt1 model system respond to chemotherapy for a period, usually 1 to 3 weeks, before they eventually relapse [9] . Thus, after observing the expression of senescence and SASP genes 24 hours after the final doxorubicin injection, we next used in vivo imaging to quantitate activity of the promoter of a senescence SASP gene starting before treatment, during treatment and response, and then after relapse.
We found that in both independent transplant lines examined, the Cxcl5 promoter was relatively inactive in untreated tumors as they grew, expressing stably in one transplant (transplant 2) and diminishing somewhat in another (transplant 1, Figure 6A ). Likewise, when tumors were imaged before treatment, Cxcl5 promoter activity levels were relatively low ( Figure 6B ). Following treatment, however, promoter activity of the SASP gene spiked just after the final doxorubicin injection. Interestingly, as soon as tumors began to relapse, Cxcl5 promoter activity rapidly decreased to baseline levels and remained low until the end of the experiment. Thus, promoter activity of the SASP gene Cxcl5 is highly transient in the tumor, turning on during or just following treatment and then decreasing rapidly as tumor volume begins to increase again.
Discussion
Increasingly more data from more tumor types show that TP53 wildtype tumors respond poorly to treatment compared to TP53 mutant tumors, including tumors of the ovary, lung, mesothelium, colon, bladder, and rectum [43] [44] [45] [46] [47] [48] [49] [50] [51] . p53 exerts its effects by regulating transcription of targets involved in cell cycle arrest, senescence, apoptosis, and metabolism, among other functions [2] . When p53 is mutant and unable to activate or repress these genes following chemotherapy, cells fail to arrest and therapeutic response is more robust [9] . In this study, we have used a genetic model system to comprehensively define p53-dependent genes and pathways modulated in tumors following doxorubicin treatment in vivo. Interestingly, we were unable to identify any apoptotic pathway genes that would explain the superior tumor regression in the Trp53-null tumors. Gene set enrichment for pathways associated with "apoptosis," "necrosis," "survival," "DNA fragmentation," and "regulation of apoptosis" was not noted to be different for tumors that undergo massive cell death (Trp53-null, Cdkn1a-null proliferators) compared to tumors that arrest and resist apoptosis (Trp53WT tumors, Cdkn1a-null arresters). Many apoptotic genes were upregulated in the treated Trp53WT tumors, but these tumors undergo only minimal cell death or regression. In clinical studies, TP53 wild-type tumors also exhibit inferior tumor regression. Based on these data, the most likely scenario seems to be that the Trp53-null and Cdkn1a-proliferator tumor cells die by transcription-independent means that include apoptosis, necrosis, and mitotic catastrophe.
In tissue culture cells, when Cdkn1a is knocked out or down, cells fail to arrest and continue into mitosis and eventually die, similar to p53 null cells [20, 21, 31] . While p21 is critical for cell cycle arrest in tissue culture, the knockout mouse has a surprisingly mild phenotype [18, 52] . In the mammary tumor model, remarkably, tumors with Cdkn1a null genotypes could respond with arrest, or bypass arrest and enter mitosis, resulting in a superior response [9] . Among the 10 doxorubicin-treated Cdkn1a null tumors in this study, 6 responded with arrest, and 4 failed to arrest as evidenced by the presence of mitotic figures [9] . We analyzed these two cohorts and observed first that these two phenotypes cluster separately. Performing GSEA, we found among the top hits were "Cell Cycle" which showed that Cdkn2a (p16) was elevated in the tumors undergoing arrest. In fact, GSEA showed many differences (Supplementary Table 3) . Presence of more cytokines in the tumors undergoing arrest is Tumor Transplant 1 A.
B.
Tumor Transplant 2 consistent with observations in p53 null tumors: when enough DNA damage occurs to activate the SASP, tumor cells that are p53 or p21 null (with "proliferator" response phenotype) fail to arrest and likely die, and thus do not persist and produce cytokines.
Our data also suggest that as a tumor relapses, expression of SASP factors such as Cxcl5 diminishes rapidly. It is not clear if this represents overtaking of the tumor by proliferating nonsenescent cells or, alternatively, if once-senescent cells lose expression of SASP factors and possibly reenter proliferation.
Gene expression analysis in our in vivo genetic model system revealed genes and pathways that are differentially activated or repressed in tumors of distinct genotypes and phenotypes, thus defining the programs that result in a poor clinical response. As more studies demonstrate more varieties of TP53 wild-type tumors that respond poorly to chemotherapy, identifying the genes regulated by p53 will be critical to overcoming this poor response.
Supplementary data to this article can be found online at https:// doi.org/10.1016/j.tranon.2018.05.003.
